Current data on green algal mitochondrial genomes suggest an unexpected dichotomy within the group with respect to genome structure, organization, and sequence affiliations. The present study suggests that there is a correlation between this dichotomy on one hand and the differences in the abundance, base composition, and distribution of short repetitive sequences we observed among green algal mitochondrial genomes on the other. It is conceivable that the accumulation of GC-rich short repeated sequences in the Chlamydomonas-like but not Prototheca-like mitochondrial genomes might have triggered evolutionary events responsible for the distinct series of evolutionary changes undergone by the two green algal mitochondrial lineages. The similarity in base composition, nucleotide sequence, abundance, and mode of organization we observed between the short repetitive sequences present in Chlamydomonas-like mitochondrial genomes on one hand and fungal and vertebrate homologs on the other might extend to some of the roles that the short repetitive sequences have been shown to have in the latter. Potential involvements we propose for the short repetitive sequences in the evolution of Chlamydomonas-like mitochondrial genomes include fragmentation and scrambling of the ribosomal-RNA-coding regions, extensive gene rearrangements, coding-region deletions, surrogate origins of replication, and chromosomal linearization.
Introduction
Current data on green algal mitochondrial genome structure, organization, and sequence affiliation suggest a rather unexpected dichotomy among lineages. The green algal mitochondrial genomes investigated to date resemble either those of Chlamydomonas reinhardtii (Michaelis, Vahrenholz, and Pratje 1990) and Chlamydomonas eugametos Lee 1992, 1994; Denovan-Wright, Nedelcu, and Lee 1998) or that of Prototheca wickerhamii (Wolff et al. 1994) , these being the only three green algal taxa whose mitochondrial genomes are completely sequenced. The Chlamydomonas-like mitochondrial genomes are small, are either linear-or circular-mapping, and have a reduced gene content (no ribosomal protein or 5S rRNA genes and only a few protein-coding and tRNA genes) and fragmented and scrambled rRNA coding regions, whereas the Prototheca-like mitochondrial genomes are larger, are circular-mapping, and have an expanded set of protein-coding genes including ribosomal protein genes and more tRNA genes as well as 5S rRNA and conventional continuous SSU and LSU rRNA-coding regions. While the former mitochondrial genome type is most likely confined to one of the five green algal classes, i.e., the Chlorophyceae, the latter characterizes at least two of the remaining four classes, namely, the Prasinophyceae and Trebouxiophyceae (sensu Friedl 1995) (Nedelcu 1998) .
The factors and mechanisms responsible for the two apparent divergent series of evolutionary changes undergone by the mitochondrial genome among green algae are not fully understood, although a few suggestions have been made. Recombination via short repeti-tive sequences (SRSs) has been invoked to explain the two most distinguishing features of the Chlamydomonas-like mitochondrial genomes: (1) their reduced gene content has been suggested to be a consequence of recombination events between short direct repetitive sequences (SDRSs), resulting in the excision of the coding regions located between the repeats (Nedelcu 1997 (Nedelcu , 1998 Nedelcu and Lee 1998) , and (2) the presence of fragmented and scrambled rRNA-coding regions has been proposed to be the result of transposition (Boer and Gray 1991) or recombination events (Denovan-Wright and Lee 1994) mediated by short inverted repetitive sequences (SIRSs) (Nedelcu 1997) .
The evolution of mitochondrial genomes among land plants, considered the closest relatives of green algae (Ragan and Chapman 1978; Chapman and Buchheim 1992) , is characterized by abundant gene rearrangements and, most often, complex and dynamic multipartite genomic structures; these features are thought to be consequences of homologous recombination events whose frequency is related to the abundance of recombinogenic repeated sequences (Fauron, Moore, and Casper 1995) . Large (0.7-120 kb) repeated sequences are considered responsible for the multipartite structure of the genome, whereas smaller repeats recombine in response to stress and can generate mutations, both deletions and duplications, as well as gene rearrangements (see Fauron, Moore, and Casper 1995 for a review) .
Fungal and, more recently, animal mitochondrial genomes are also thought to undergo genomic rearrangements mediated by SRSs or stem-and-loop structures that act as hot spots for recombination (e.g., Stanton et al. 1994; Hunt and Hyman 1997; Jamet-Vierny, Boulay, and Briand 1997 and the references therein). Moreover, the susceptibility to gene rearrangement of chloroplast genomes among Chlamydomonas taxa was shown to be correlated with the abundance of SRSs in their intergenic spacers (Boudreau and Turmel 1996) . It becomes more obvious, therefore, from both circum- Denovan-Wright, Nedelcu, and Lee (1998) . b Michaelis, Vahrenholz, and Pratje (1990) and Vahrenholz et al. (1993) . c Our unpublished sequence. d Kroymann and Zetsche (1997) . e Antamarian et al. (1996) . f Kück, Godenhardt, and Schmidt (1990) . g Wolff et al. (1994) . h Kessler and Zetsche (1995). stantial and experimental data, that SRSs have played an important role in land plant, fungal, and vertebrate mitochondrial as well as green algal chloroplast genome evolution.
This study addresses the following questions: (1) Is there any correlation between the abundance, base composition, and distribution of the SRSs in green algal mitochondrial genomes and the apparent distinct evolutionary changes undergone by the green algal mitochondrial lineages? (2) What are the potential involvements of the short repetitive sequences in the evolution of green algal mitochondrial genomes? In this work, we (1) characterize the SRSs in the Chlamydomonas-like mitochondrial DNA (mtDNA) sequences available to date, (2) analyze the genomic distribution of these repeated sequences, (3) discuss their potential roles in the evolution of mitochondrial genomes within the chlorophycean green algal group, and (4) propose hypothetical evolutionary scenarios to explain the differences in mitochondrial genome organization within the green algal group. This study suggests that the accumulation of GCrich SRSs in Chlamydomonas-like but not Protothecalike mitochondrial genomes might have triggered evolutionary events responsible for some of the differences observed between the two mitochondrial genome types.
Materials and Methods
The green algal taxa and their phylogenetic affiliations, as well as the GenBank accession numbers of the complete or partial mtDNA sequences that have been investigated in this study, are summarized in table 1. The DNA sequences were analyzed using GeneRunner, version 3, and CLUSTAL V (Higgins, Bleasby, and Fuchs 1992) .
Results

Short Repetitive Sequences Within Chlamydomonas Mitochondrial Genomes (C. eugametos, C. moewusii, and C. reinhardtii) Short Direct Repetitive Sequences
We analyzed the complete mtDNA sequence of C. eugametos (Denovan-Wright, Nedelcu, and Lee 1998) and identified more than 80 repetitive elements that range in size from 6 to 17 bp and are dispersed throughout the intergenic regions as well as within several introns. Considering base composition, two classes can be defined: GC-rich and AT-rich SDRSs (table 2) .
The GC-rich direct repetitive sequences (9-14 bp) can be grouped into four families (table 2). Each family contains one to six closely related members (one to three base differences) and a total number of copies per family ranging from two to 30. The general consensus sequence, CGAGTCG, derived from the consensus sequences of families 1, 2, and 3, i.e., CGAGTCGCATC, CGACTCGAC, and CGCGTCGC, respectively, is identical to the first 7 bp in the consensus sequence of family 1, suggesting that families 2 and 3 have evolved from family 1. It is interesting to note that the consensus sequence is a palindrome in itself: i.e., CGA/G/TCG. Moreover, although the consensus sequences of families 2 and 3 differ from that of family 1 at three and one positions, respectively, the changes (lowercase) do not affect the formation of palindromes: i.e., CGA/c/TCGac and CGcG/T/CGC.
Copies of the same member or closely related members of the same family can be found tandemly repeated, e.g., 2a-2a-2a or 2a-2c, 2a-2a-2c, and 3a-3c ( fig. 1) . In most instances, members of different families are clustered together with no additional sequences between them (e.g., 1d-2a-2a-2a or 1b-2a-2a-2c) . In only a few cases, individual copies of a repetitive sequence are present apart from a cluster. Another interesting feature is the fact that several combinations of repetitive 
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sequences from different families (e.g., 1d and 2a, 1a and 2a, 3a and 3c) result in palindromic structures (fig .  1B) ; for example, the repetitive sequences 1a and 2a (capital and lowercase, respectively, in the sequence below) form the palindromic element CGAGTCGCA/ TGcgactcg. In addition, it is noteworthy that most of the repeat clusters contain a core composed of at least two adjacent members of families 1 and 2 ( fig. 1B ) such that a larger repeated unit (i.e., more than 20 bp) is formed. AT-rich repetitive sequences have also been found in the C. eugametos mtDNA. These sequences are, however, less abundant than their GC-rich counterparts and have been grouped into three families containing two to five members and a total copy number per family of six or seven (table 2). The lack of sequence similarity among the three families of AT-rich repetitive sequences suggests independent origins for these families.
We have also analyzed a partial mtDNA sequence from a taxon that is interfertile with C. eugametos, namely, C. moewusii (unpublished data), and found both GC-and AT-rich sequences identical to the repetitive sequences of C. eugametos families 1, 2, and 5. However, while C. eugametos contains in the L2-LSU rRNAcoding unit/nad6 intergenic spacer three tandemly repeated 5a-1a units adjacent to three tandemly repeated 2a sequences, C. moewusii revealed at the same location a number of four 5a-1a units followed by seven 2a repetitive sequences with no spacers between them (fig. 2).
Short Inverted Repetitive Sequences
Our analysis of the C. eugametos complete mtDNA sequence identified 20 short inverted repetitive sequences dispersed throughout the intergenic spacers as well as within several introns ( fig. 3A) . Seventeen of the inverted repeats are the result of combinations of SDRSs from different GC-rich families ( fig. 1B ) and belong to one of the two closely related consensus sequences: GTCGAGTCGC/--/GCGACTCGAC or GTCGc-GTCGC/--/GCGACgCGAC. The single nucleotide difference (lowercase in the sequences above) between the two sequences is compensated in the inverted copy such that the formation of a palindromic element is not impeded ( fig. 3B ). Interestingly, each copy of the inverted repeat in the first consensus sequence contains a palindrome in itself: i.e., CGA/G/TCG, whereas each copy of the inverted repeat in the second sequence is in fact a two-copy direct repeat: i.e., GTCGCͦGTCGC.
The GTCGC conserved sequence motif (in bold in the sequences above) present in most of the inverted repeats in the mitochondrial genome of C. eugametos is similar to the CTCGG motif present in the SIRSs previously described in the mitochondrial genome of C. reinhardtii (Boer and Gray 1991) . Moreover, we have found that some of the SIRSs described by Boer and Gray (1991) contain sequence motifs of the C. eugametos SDRS families 1, 2, and 3 ( fig. 4 ). In addition, we analyzed the DNA sequence of the long terminal inverted repeats of C. reinhardtii mtDNA (Vahrenholz et al. 1993 ) and identified additional copies of the seShort Repetitive Sequences 693 FIG. 1.-A, Linear map (15.7 kb) and linearized map (22.9 kb) of the linear-and circular-mapping mtDNA of Chlamydomonas reinhardtii (Cr) and Chlamydomonas eugametos (Ce), respectively. S1-S4 and L1-L8 are SSU and LSU rRNA-coding modules, respectively; cob and cox1 are coding regions for cytochrome b and subunit 1 of cytochrome oxidase, respectively; nad1, 2, 4, 5, and 6 are the genes coding for subunits 1, 2, 4, 5, and 6, of the NADH dehydrogenase, respectively; M 1 , M 2 , Q, W are coding regions for tRNA Met-1 , tRNA Met-2 , tRNA Gln , and tRNA Trp , respectively; solid, cross-hatched, and open boxes denote coding regions, introns and intergenic spacers, respectively; DR and TIR denote large direct and terminal inverted repeats, respectively; thick horizontal arrows indicate the direction of transcription; thin vertical arrows indicate the positions of the short repetitive sequences; flags indicate the positions and orientations of small terminal inverted repeated sequences in the mtDNA of C. reinhardtii; small solid circles denote O L -like structures. B, The organizations and positions of the short direct (families 1 to 7, as defined in table 2) and inverted (opposite arrows) repetitive sequences in the C. eugametos mtDNA.
quence motifs of the C. eugametos mtDNA SDRS families 1 and 2 ( fig. 4 ).
Short Repetitive Sequences Within the mtDNA Sequences of Other Chlorophycean Green Algae
The only other chlorophycean mtDNA sequences available in GenBank are two partial sequences from the chlamydomonadalean algae Polytomella spp. (Antamarian et al. 1996) and Chlorogonium elongatum (Kroymann and Zetsche 1997), and one from the chlorococcalean taxon Scenedesmus obliquus (Kück, Godenhardt, and Schmidt 1990) (table 1). We analyzed the mtDNA sequence that contains cox1 and its flanking intergenic regions from Polytomella spp. and identified sequence motifs that correspond to both SDRS families 1 and 2 as well as the SIRSs of C. eugametos mtDNA ( fig. 5A ). In the available partial C. elongatum mtDNA sequence, the spacer between nad5 and cob contains eight tandemly repeated copies of the 13-bp GC-rich sequence CCTTTCGGGCTCG, which was not found in either C. reinhardtii or C. eugametos mtDNA. In addition, we searched for SRSs within the partial mtDNA sequence coding for two rRNA-coding regions and a tRNA-coding region of S. obliquus and found four closely related AT-rich sequences (consensus sequence: TTTTATA-GAAGT) tandemly repeated in the rRNA/tRNA intergenic spacer and several short GC-rich inverted repeats in the tRNA/rRNA spacer ( fig. 5B) . However, more mtDNA sequences from these taxa have to become available before one can asses the frequency and distribution of the SRSs in these mitochondrial genomes.
Genomic Distribution of Short Repetitive Sequences in Green Algal Mitochondrial Genomes
Comparing the distribution of SRSs between the mitochondrial genomes of C. reinhardtii and C. eugametos, several differences can be noted ( fig. 1A ). Of the 19 intergenic spacers of C. eugametos mtDNA, 8 contain complex sets of SDRSs and SIRSs; in addition, 5 of the 9 intervening sequences contain SRSs identical to those dispersed throughout the intergenic regions. On the other hand, of the 22 intergenic spacers in the mitochondrial genome of C. reinhardtii, only four are populated by SRSs. Of the 20 SIRSs in the C. eugametos mtDNA, 11 are contained in intergenic regions, 8 are hosted by intronic sequences, and only 1 is present in an exonic sequence, namely an SSU rRNA-coding region ( fig. 3A) . On the other hand, since there are no introns in the C. reinhardtii mitochondrial genome, most of the SIRSs are located in intergenic regions; however, two SIRSs have been found in the untranslated regions of two protein-coding genes (i.e., the 5Ј leader of nad4 and the 3Ј tail of nad2), and one is part of an LSU rRNA-coding module (Boer and Gray 1991) .
It is interesting that the C. eugametos SRSs are present in all four of the rRNA intronic sequences but in only one of the five introns found in protein-coding genes, namely, in the only intron that does not contain an open reading frame (ORF) (Denovan-Wright, Nedelcu, and Lee 1998). Moreover, in two of the four rRNA introns that contain short ORFs, the SRSs are precisely located within the ORF sequence; none of these ORFs, however, code for potential endonuclease/maturase proteins, whereas the deduced amino acid sequences of the intronic ORFs found in the C. eugametos protein-coding genes show similarity to such proteins (DenovanWright, Nedelcu, and Lee 1998) . Within the two rRNA intronic sequences lacking ORFs, the SRSs are located in regions of potential secondary structure (data not shown).
GC-Rich Sequences with Similarity to Origins of Replication
We searched the complete mtDNA sequences of C. eugametos, C. reinhardtii, and P. wickerhamii for the conserved 3Ј-GGCCG-5Ј that is part of the origin of light-strand replication (O L ) in most vertebrate mtDNA (Macey et al. 1997 ) and has been shown to be required for in vitro replication of human mtDNA (Hixson, Wong and Clayton 1986) . Of the 1, 3, and 11 sequences found in P. wickerhamii, C. eugametos, and C. reinhardtii mtDNA, respectively, none was found in the intergenic spacers of P. wickerhamii mtDNA, but two are located in intergenic spacers in each of the two Chlamydomonas taxa. Surprisingly, the two O L -like sequences in C. eugametos mtDNA are flanking (nucleotides 11404 and 11953) one of the two copies of a large direct repeat (DR) (Denovan-Wright, Nedelcu, and Lee 1998) ( fig.  1A) , and one of the sequences is located in close proximity to a tRNA-coding region. It is noteworthy that although O L -like sequences have not been identified through the computer search in the flanking regions of the second copy of the large direct repeat in C. eugametos mtDNA, similar sequences with one or two mismatches are present at similar positions relative to the DR. Furthermore, the two O L -like sequences in the C. reinhardtii mtDNA (nucleotides 133 and 15623) are each situated in one of the two long terminal inverted repeats ( fig. 1A) , about 130 bp upstream of the 3Ј end of the linear DNA molecule. The sequences upstream of these conserved sequences we found in the two Chlamydomonas mtDNAs form imperfect stem-and-loop structures that are similar to the stem-and-loop structures associated with the O L in vertebrate mtDNA; moreover, they are located in regions of potential secondary structure represented by a tRNA Met-1 in C. eugametos mt-DNA, or a complex set of palindromes in the C. reinhardtii counterpart ( fig. 6 ).
We also searched for the sequence 5Ј-GGAGGGG-3Ј, which is complementary to the sequence 5Ј-CCCCUCC-3Ј, recognized by the mouse mitochondrial RNA-processing endoribonuclease (RNAase MRP) that cleaves the RNA primer at the origin of heavy-strand replication (Chang and Clayton 1989) , and identified a unique sequence flanking the second large direct repeat in C. eugametos mtDNA (nucleotide 18806) and two copies of the same sequence in the two long terminal inverted repeats of C. reinhardtii mtDNA (nucleotides 239 and 15514) at about 100 bp upstream of the O Llike sequences. It is intriguing that we found the complement of this sequence within the reverse-transcriptase-like coding region of C. reinhardtii, in which we also identified an O L -like sequence.
Discussion
Short Repetitive Sequences Within Green Algal Mitochondrial Genomes
It is noteworthy that two of the AT-rich sequences we found in C. eugametos mtDNA seem to resemble sequence motifs described among the P. wickerhamii AT-rich repetitive elements (Wolff et al. 1994 ): the C. Chlamydomonas eugametos (Ceu) sequence motifs within SDRS classes 1 and 2, as well as SIRSs, as described in table 2 and figure 3 are underlined. B, Short repeated sequences within an S. obliquus mtDNA sequence containing one tRNA-and two rRNA-coding regions. Pwi ϭ Prototheca wickerhamii; D␤, A␥, and D␥ are sequence motifs in the P. wickerhamii mtDNA repetitive sequences as defined by Wolff et al. (1994) ; the sequences resembling the P. wickerhamii sequence motifs are underlined; arrows designate short inverted repeats 1/1Ј, 2/2Ј, 3/3Ј. eugametos 5a CTTTGT resembles a region of the P. wickerhamii A␣/␤ motif, and members of family 7 contain the TATAGTATA sequence, which is part of the D␤ repetitive motif in P. wickerhamii mtDNA. Moreover, the AT-rich sequences we identified in the intergenic spacers of the S. obliquus partial mtDNA sequence ( fig. 5B ) resemble parts of the AT-rich repetitive motifs described for the intergenic spacers of P. wickerhamii mtDNA (Wolff et al. 1994) . However, there are no GCrich repetitive sequences in P. wickerhamii mtDNA that are similar to those found in the Chlamydomonas-like mitochondrial genomes. Such observations suggest that while the AT-rich sequences could have been present in the mitochondrial genome of the most recent common ancestor of green algae, an accumulation of GC-rich repetitive sequences might have taken place in the Chlamydomonas-like lineage but not in the Prototheca-like lineage.
Potential Roles of Short Repetitive Sequences in the Evolution of Green Algal Mitochondrial Genomes
It is increasingly being suggested that the insertion of SRSs in mitochondrial genomes is not always associated with deleterious or degenerative phenomena; rather, some of these events might actually be neutral, introduce genetic variability, or even confer evolutionary advantages and thus have a significant impact on the evolution of mitochondrial genomes (Koll et al. 1996) . We think that the correlation between the observed differences in abundance, base composition, and distribution of short repetitive sequences in green algal mitochondrial genomes on one hand and the dichotomy in mitochondrial genome structure and organization within the green algal group on the other may not be fortuitous. In the next five sections, we suggest potential involvements of the SRSs in the evolution of Chlamydomonaslike mitochondrial genomes.
Fragmentation and Scrambling of rRNA-Coding Regions
The SRSs in Chlamydomonas mitochondrial genomes have previously been suggested to have contributed to the extensive rearrangement of the rRNA-coding regions through either a mechanism analogous to bacterial transposition (Boer and Gray 1991) or recombination (Denovan-Wright and Lee 1994; Nedelcu 1997) . The distribution of SRSs in the mtDNA sequences investigated in this study indicates that they are mostly associated with rRNA-coding regions. All and all but one of the intergenic spacers populated by SRSs in the C. reinhardtii and C. eugametos mtDNA, respectively, are flanking a rRNA-coding region ( fig. 1A) .
It is noteworthy that although SRSs are present in mitochondrial genomes with continuous (i.e., P. wickerhamii) as well as in those with fragmented and scrambled rRNA-coding regions (i.e., Chlamydomonas), they are highly AT-rich in the former but GC-rich in the latter. In addition, our analysis of the available mtDNA sequence of another green algal taxon whose mitochondrial rRNA coding regions seem to be continuous, Platymonas (Tetraselmis) subcordiformis (Kessler and Zetsche 1995) , indicated that the intergenic spacers are very AT-rich and do not seem to contain GC-rich repetitive sequences. On the other hand, it is interesting that the SRSs are more GC-rich in the chlamydomonadalean alga Polytomella spp. than in the chlorococcalean taxon S. obliquus ( fig. 5) , which is consistent with the suggested higher degree of fragmentation of the mitochondrial rRNA-coding regions in the former taxon relative to the latter (Nedelcu et al. 1996; Nedelcu 1997) .
A correlation between the GC-rich base composition of the short repeated sequences and their recombinogenic properties has previously been observed for yeast mitochondrial genomes (de Zamaroczy, FaugeronFonty, and Bernardi 1983; Dieckmann and Gandy 1987) . As to why the GC clusters would be better promoters for recombinatorial events, a few suggestions have been made: (1) Mitochondria might contain factors that recognize the primary sequence of these GC clusters (Orr-Weaver, Szostak, and Rothstein 1981). Short repeated GC-rich sequences such as the MUSE1 sequences in P. anserina and the GC clusters in S. cerevisiae mtDNA have been suggested to be the actual binding sites for specific proteins involved in mitochondrial genome recombination processes (Jamet-Vierny, Boulay, and Briand 1997). If so, it is noteworthy that the MUSE1 sequence, GGCGCAAGCTC, is very similar to the stem sequence of some of the stem-and-loop structures in the C. eugametos mtDNA, i.e., GtCGCAAGCga (the nucleotide differences are lowercase). (2) Mitochondria might contain factors that bind to the stem-and-loop structures that the GC clusters form. It is very interesting that some of the inverted repeat sequences in C. eugametos mtDNA not only form stem-and-loop structures, but their sequences can be folded into cruciform structures (fig. 3B) ; cruciform structures formed by the individual strands within a GC element have been suggested to be recognized by the enzymes involved in the resolution of recombination intermediates such as those known to resolve Holliday junctions (Dieckmann and Gandy 1987) .
Genomic Rearrangements
The level of gene rearrangement among green algal mitochondrial genomes is very high . There is no identical gene cluster between the C. eugametos and C. reinhardtii mtDNAs ( fig. 1A ) and only one, namely nad5-nad4, is common to both Prototheca-like and Chlamydomonas-like genomes as well as the liverwort Marchantia polymorpha. Given that (1) the ancestral nad5-nad4 gene cluster has been broken in the C. eugametos lineage, and (2) the rRNA-coding modules in C. eugametos are more interspersed with protein-coding genes than are those in C. reinhardtii, it seems likely that the mitochondrial genome of C. eugametos has undergone more rearrangements relative to its C. reinhardtii counterpart. In addition, based on the available partial mtDNA sequence of Chlorogonium elongatum, a taxon that is considered to be more closely related to C. eugametos than to C. reinhardtii, we have noticed that the nad5-nad4 cluster is also broken, which is consistent with this gene rearrangement event occurring after the divergence of the two major Chlamydomonas evolutionary lineages.
It is noteworthy that the higher level of gene rearrangement in the C. eugametos lineage relative to the C. reinhardtii lineage is positively correlated with a more abundant and complex set of repetitive elements in the former relative to the latter ( fig. 1) . Furthermore, there are no repeated sequences flanking either the six adjacent protein-coding genes or the two dispersed ones in the mitochondrial genome of C. reinhardtii, whereas SRSs are flanking four of the seven protein-coding genes in the C. eugametos counterpart. In other mitochondrial genomes, such as those of the fungus Podospora (Koll et al. 1996) , yeast (Cardazzo et al. 1997) , and land plants regenerated from long-term somatic tissue cultures (Hartmann et al. 1994 ), SRSs have also been shown to be associated with gene rearrangements.
Replication
The presence of sequences associated with the origin of mtDNA replication at the sites of gene rearrangement in yeast and vertebrate mitochondrial genomes suggested an involvement of such structures in the reorganization and, thus, the evolution of these genomes (Cardazzo et al. 1997; Macey et al. 1997) . How the mitochondrial genome of Chlamydomonas replicates is not known. Both a recombination-mediated model and a reverse-transcriptase-mediated model have been proposed (Vahrenholz et al. 1993) for the replication of the termini of the linear mtDNA of C. reinhardtii, but no suggestions have been made regarding the replication mechanisms of circular-mapping mtDNAs in other green algae such as C. eugametos. Rather surprisingly, we have found in both C. eugametos and C. reinhardtii mtDNA the conserved 3Ј-GGCCG-5Ј sequence that has been found to be required for the in vitro replication of lightstrand mtDNA in humans (Hixson, Wong, and Clayton 1986) ; moreover, we have been able to fold the downstream sequences into O L -like secondary structures similar to those described in vertebrate mitochondrial genomes (Macey et al. 1997) . However, the stem element contains several non-Watson-Crick base-pairings and is more AT-rich than the human counterpart ( fig. 6 ). If these structures represent nonfunctional origins of replication, it is tempting to assume that the GC-rich stemand-loop structures present in the intergenic spacers of Chlamydomonas-like mitochondrial genomes might have acted as surrogate origins of replication in a manner similar to that observed for yeast (Goursot, Mangin, and Bernardi 1982; Fangman and Dujon 1984) and vertebrate mitochondrial genomes (Moritz and Brown 1987; Moritz 1991) . In these periods of instability, it is probable that the 5Ј-end of the nascent DNA strand slipped ahead to an alternative stem-and-loop structure (slipped-strand mispairing) and replicated a distant region. Consequently, the extensive gene and genomic rearrangements observed between C. reinhardtii and C. eugametos mitochondrial genomes ( fig. 1A ) could be the result of the mtDNA replication occurring at multiple sites as proposed for the rearranged vertebrate mitochondrial genomes (Macey et al. 1997 ). In addition, it is noteworthy that in C. reinhardtii mtDNA, the stem sequence 3Ј-GCC-5Ј, which represents the initiation site for light-strand replication in mice (Brennicke and Clayton 1981) is part of the stem in the GC-rich stem-andloop elements.
Deletions
One of the most distinguishing features of Chlamydomonas-like mitochondrial genomes relative to other green algal and land plant counterparts is their very reduced gene content. We suggest that the extensive ''removal'' of coding regions during the evolution of the chlorophycean mitochondrial genome might have happened through deletion events mediated by the SRSs described here in a manner that appears to be rather common in fungal (e.g., Jamet-Vierny, Boulay, and Briand 1997 and references therein) and human mitochondrial (Mita et al. 1990 ) as well as land plant plastid (e.g., Kawata et al. 1997 and references therein) genomes. The presence of single copies of SDRSs in the intergenic spacers of the C. eugametos mtDNA ( fig. 1B ) could represent signatures of excision events via intramolecular reciprocal crossovers between two copies of an SDRS (Nedelcu 1998 ). It has recently been shown that subsequent to the excision events associated with senescence in P. anserina, the deleted and the senescent mtDNA each contain one copy of the two-copy short direct recombinogenic repeat (Jamet-Vierny, Boulay, and Briand 1997) .
It is rather surprising that the SRSs in the mtDNA of C. eugametos possess all the features (presented below) that have been found to characterize the repeated sequences associated with excision sites in P. anserina mtDNA: (1) The most frequent sequence associated with the excision of several types of mitochondrial plasmids during the P. anserina senescence is the 11-bp sequence GGCGCAAGCTC (or its complementary sequence); this motif is similar to the central part of the consensus sequence of the C. eugametos mitochondrial SIRSs, i.e., GtCGCAAGCga (the nucleotide differences are lowercase) ( fig. 3A) . (2) The direct repeats are present at the excision sites. (3) The SRSs have the potential to form stem-and-loop structures that include the excision site. (4) The inverted copies of short repeated sequences at the excision allow the juxtaposition of distal (as far away as 18 kb) sites by complementary base-pairing interactions (Turker, Domenico, and Cummings 1987) . FIG. 7 .-Hypothetical recombination events to account for the evolutionary trends that can be defined among the green algal mitochondrial genomes investigated to date: (1) the evolution from a multitranscriptional genome organization such as that in Platymonas subcordiformis to a bitranscriptional one in Prototheca wickerhamii and Chlamydomonas reinhardtii and possibly a single transcriptional unit in Chlamydomonas eugametos, (2) the breaking of the ancestral nad5-nad4-nad2 gene cluster in the C. eugametos and C. reinhardtii lineages, (3) the ''removal'' of coding regions in the chlorophycean lineage, and (4) the linearization of the C. reinhardtii mitochondrial genome. Thick curved arrows inside or outside the circles indicate the direction of transcription of that region; broken arrows inside the circles denote interchange of the coding regions indicated by the arrows through recombinatorial events via two sets of two-copy short inverted repeats; broken arrows outside the circles indicate inversions as a result of recombinatorial events via one set of two-copy short inverted repeats; arrows pointing outside the circle indicate deletions via recombinatorial events mediated by short direct repeats; DR, IR, and TIR denote large direct, inverted, and terminal inverted repeats, respectively; flags denote short inverted repeats; open, gray, and cross-hatched blocks denote protein-coding regions, large repeated sequences, and deleted coding regions, respectively; gene abbreviations are as in fig. 1 .
Genome Conformation
Green algal mitochondrial genomes appear as either linear or circular-mapping DNA molecules. Given that the mtDNA is circular-mapping in the primitive-like green flagellate P. subcordiformis as well as the more advanced P. wickerhamii, C. eugametos, and land plants, it is likely that in the most recent common ancestor of green algae and land plants, the mitochondrial genome was also a circular-mapping DNA molecule.
The actual in vivo conformation of the green algal mitochondrial genomes is, however, debatable (Bendich 1993) . If the circular-mapping mtDNAs are circular molecules in vivo, as shown for the liverwort Marchantia polymorpha (Oda et al. 1992) , their linearization in some lineages could have happened through a recombination event between short terminal inverted repeat sequences present on a small linear episome and their homologs on a larger circular chromosome (fig. 7) ; similar events have been described during the linearization of the maize mitochondrial chromosome (Schardl et al. 1984) . Interestingly, in one of the long terminal inverted repeats (TIR) in the linear C. reinhardtii mtDNA, the outermost 86-bp sequence is repeated in an inverted orientation in the region flanking the opposite end of the TIR (Vahrenholz et al. 1993) (fig. 1A) , thus arguing for a potential previous episomal existence of this TIR.
Hypothetical Scenarios
A hypothetical pathway to explain the fragmentation and scrambling of the rRNA-coding regions in the chlorophycean green algal group involving recombinatorial events mediated by SRSs has previously been presented (Nedelcu 1997) . Figure 7 shows a hypothetical scenario via various recombination events between short and large repeated sequences to account for other evolutionary trends (see the legend) that can be defined among the green algal mitochondrial genomes investigated to date.
